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We present the experimental generation of light with directly observable close-to ideal thermal
statistical properties. The thermal light state is prepared using a spontaneous Raman emission
in a warm atomic vapor. The photon number statistics is evaluated by both the measurement of
second-order correlation function and by the detailed analysis of the corresponding photon number
distribution, which certifies the quality of the Bose-Einstein statistics generated by natural physical
mechanism. We further demonstrate the extension of the spectral bandwidth of the generated light
to hundreds of MHz domain while keeping the ideal thermal statistics, which suggests a direct
applicability of the presented source in a broad range of applications including optical metrology,
tests of robustness of quantum communication protocols, or quantum thermodynamics.
I. INTRODUCTION
Generation of light statistics has been of paramount
importance for understanding various phenomena in sta-
tistical and quantum optics since the presentation of pi-
oneering experiments by R. Hanbury Brown and R. Q.
Twiss in 1956 [1, 2]. The advent of lasers has triggered
a prompt application of methods for estimation of light
statistics on studies in broad range of research directions
ranging from atomic spectroscopy to optical imaging and
metrology, reaching far beyond the areas of pure optical
physics and astronomy. The strong promise of appli-
cation of well controlled quantum systems in quantum
communication networks in last two decades led a large
part of quantum optics community to focus on the devel-
opment and characterization of the single photon light
sources [3, 4]. Together with the further development of
field of quantum statistical optics [5], the generation and
control of nonclassical light states stimulated enormous
effort on technical improvements in control of various de-
grees of freedom of light fields at single photon level and
their efficient and fast detection, a crucial requirements
for direct observability of intrinsically quantum proper-
ties [6, 7]. These technical developments have been ex-
tensively applied on witnessing of subtle characteristics
of nonclassical states of light in experiments mostly rep-
resented by observation of good approximations of single-
photon states [3, 4]. Ideal single-photon states have van-
ishing variance of the photon number distribution ac-
companied with characteristic strong antibunching in the
measured degree of second-order coherence.
However, a large number of research directions in opti-
cal physics has recently rediscovered the strong applica-
tion potential of light fields with exactly opposite statisti-
cal properties, that is, strong photon bunching and super-
Poissonian fluctuations of the photon number. From an
infinite set of these states, the ideal thermal state corre-
sponding to idealized population of the single light field
mode by thermal excitations is of very significant im-
portance. Thermal state has a maximum entropy for
∗ slodicka@optics.upol.cz
the given constant average energy and so it uniquely
determines the Bose-Einstein statistics of any mode of
thermal radiation. As such, this statistics naturally ap-
pears at thermal equilibrium. Ideal thermal radiation
can be directly applied in diagnostics of quantum states
and processes [8–10], enhancement of nonlinear effects
and metrology [11–13], quantum imaging [14–16], genera-
tion of nonclassicality [17], or pioneering tests of quantum
thermodynamics [18] and quantum key distribution [19].
Although coherence of thermal light field can be also
fully described by the classical Maxwell theory of light
waves, their precise experimental generation and detec-
tion shares number of difficulties typically associated
with preparation of single photon states. These include
strict requirements on the observed field modeness and
photon detection bandwidth, particularly when aiming
for direct observation of exact thermal statistics of pho-
tons from a source at thermal equilibrium. These diffi-
culties have been recognized by number of experimental
teams and led to a broad employment of pseudo-thermal
light sources typically based on the scattering of a laser
beam from rotating ground-glass disc [18, 20–22]. Al-
though such approach can emulate thermal light field
with very high fidelity, it is technically limited in the
achievable spectral bandwidths due to practically achiev-
able disk rotation speeds, average grain spatial size and
focal spot of the scattered laser beam to a few MHz
range [23]. However, it is the actual spectral bandwidth
which represents a crucial parameter for potential im-
provement of waste majority of applications of thermal
light [8–16]. On one side it directly relates to the effi-
ciency of various processes and on the other, it allows for
increasing their repetition rates. On the other hand, the
finite grain size and the corresponding generated speckle
pattern can limit the observable bunching as the area
from which the observed light is collected approaches its
size. This effectively corresponds to the increase in the
number of collected light modes [18, 23].
Observation of a photon bunching corresponds to an
increased probability of detecting a photon after a time
interval τ from the previous photon detection compared
to a measurement on a stream of independent photons.
This conditional probability is proportional to prod-
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2uct of intensity and second-order correlation function
g(2)(τ) [5]. The first realization of a light source with
directly observable ideal bunching, besides the pseudo-
thermal light sources utilizing the bare intensity mod-
ulation of coherent light beam, was reported recently
in [24]. The generation of light was based on the ex-
citation of laser-cooled atomic cloud and the provided
theoretical analysis of the second-order coherence quanti-
tatively supported the observed temporal profiles. How-
ever, the bare observation of the ideal photon bunch-
ing does not certify the observation of the thermal light
field mode [5]. At the same time, besides the relatively
high technological demands given by the necessity of laser
cooling and isolation of atoms from the thermal environ-
ment, the source presented in [24] imposes strong limits
on the easily achievable spectral widths of the emitted ra-
diation due to narrow emission spectra of the bare atomic
transitions.
A number of experimental teams have recently at-
tempted to realize a thermal light source with large spec-
tral bandwidth either as a principal resource or as a
side result of attempts to engineer a nonlinear interac-
tion with a high degree of mode purity [12, 25–31]. Out
of these, the sources utilizing the process of amplified
spontaneous emission [12, 29–31] seem to offer technically
feasible spectral bandwidth in a few nanometer regime.
However, similarly to several characterizations of light
statistics coming from blackbody light sources [32, 33],
the extreme spectral width practically hinders a direct
confirmation of ideal thermal statistics with currently
available single-photon detectors. Typical examples of
the limit imposed by the detection jitter being much
larger than the coherence time of the detected light in-
clude attempts with sources of spontaneous parametric
down-conversion with generated photon bandwidth at
the order of many GHz [26]. Several promising tech-
niques have been developed to circumvent the limited de-
tection bandwidths for observation of the photon bunch-
ing on short time scales, including the schemes based
on the two-photon absorption [29], or nonlinear sum fre-
quency generation [11, 34, 35]. Still, even these remark-
able technological advancements did not lead to direct
unambiguous observation of ideal bunching with large
spectral bandwidth.
Here, we report on a direct measurement of the
ideal photon bunching and Bose-Einstein photon num-
ber probability distribution on light generated by the ex-
citation of warm atomic vapor. The observability of the
ideal photon bunching is achieved by the satisfaction of
two fundamental experimental requirements, high single
modeness of the detected light and sufficiently narrow
spectral bandwidth on the order of tens of MHz relative
to the timing jitter of the employed single photon detec-
tors of a few hundred picoseconds. These observation is
then complemented by directly measurable Bose-Einstein
statistics of generated light, which allows the saturation
of entropy for given mean photon number. We demon-
strate the traceable extension of the presented thermal
light source to observable spectral bandwidths at the or-
der of Doppler-broadened atomic transition lines. We
provide an experimental guideline for achieving the large
bandwidth and outline its limits in the presented exper-
imental platform.
II. GENERATION OF IDEAL THERMAL
LIGHT
A. Experimental scheme
Our experimental demonstration is based on phe-
nomenologically simple excitation of warm 87Rb vapor
with a laser beam in a single-pass configuration and ob-
servation of the scattered light field after precise spatial,
polarization and spectral filtering, with the spectral fil-
tering bandwidth surpassing the limit imposed by the
finite timing jitters of the employed single photon de-
tectors and the energy splitting of the excited atomic
states hyperfine manifolds. The relevant energy level
scheme is depicted in figure 1. We employ a travelling-
wave resonant excitation of warm 87Rb atoms on D1-line
5S1/2(F = 2) ↔ 5P1/2(F′ = 2) transition and frequency
selection of the anti-Stokes field generated through Ra-
man transition 5S1/2(F = 2) → 5P1/2(F′ = 2) →
5S1/2(F = 1) with frequency νAS ∼ νL + 6.8 GHz. Here
νL is the excitation laser frequency and 6.8 GHz corre-
sponds to the splitting of 87Rb 5S1/2 ground state hy-
perfine manifold.
The excitation laser beam with wavelength of 795 nm
is derived from the frequency stabilized laser diode and
its spatial mode is set by a single-mode optical fiber
(SMF), see figure 1 for the simplified scheme of the ex-
perimental arrangement. The polarization of the output
Gaussian beam is adjusted to horizontal with respect to
the plane defined by the optical table. The laser ex-
cites a warm atomic ensemble enclosed in a cylindrical
glass cell of 7.5 cm length and 2.5 cm diameter with an-
tireflection coated windows and with the Gaussian beam
radius at the cell position of 440±10µm. The cell is filled
with isotopically pure 87Rb and contains no buffer gas or
atomic polarization preserving coatings. The polariza-
tion of atomic fluorescence scattered at an angle of 2◦ is
filtered to linear polarization perpendicular to the polar-
ization of the excitation beam to suppress the detection
of the light coming from the residual laser reflections.
We note that the observation of the thermal light statis-
tics was performed for range of observation angles lim-
ited by the possibility of sufficient spatial separation from
the excitation laser beam for minimal values and by the
aperture of the Rb vapour glass cell mount correspond-
ing to about 10 degrees for maximal achievable scatter-
ing angles, without observable effect on the value of the
measured bunching. The scattered fluorescence further
passes a Fabry-Pe´rot resonator with the measured free
spectral range FSR= 8854 ± 6 MHz and the transmis-
sion linewidth of ∆νFP = 67 ± 7 MHz (FWHM). The
3FIG. 1. The schematic setup of the presented experiment and employed 87Rb energy level scheme. The polarization and spatial
mode of the laser beam emitted from the frequency stabilized laser diode are defined by the input single-mode optical fiber
(SMF) and polarization beam splitter (PBS). The laser beam excites an ensemble of warm 87Rb atoms and the scattered light is
observed under small angle of approximately 2◦. The mode of the detected light field is defined precisely using the combination
of a Glan-Thompson polarizer (G-T), Fabry-Pe´rot resonator (FP) and single mode fiber. The photon statistics of the field is
analyzed using an array of single-photon avalanche detectors (APD1−3) with balanced detection efficiencies. The balancing is
achieved by tuning the λ/2 polarization half-wave plates in front of each PBS. BB marks the beam block, M is the optical
mirror and d is the spatial distance between the observation region and atomic cell output window.
resonator transmission frequency can be precisely tuned
on the scale of its FSR by controlling the temperature
of its Zerodur glass spacer. The FSR has been chosen
to be larger than the 87Rb emission spectra which guar-
antees the selection of a single particular emission fre-
quency mode and, at the same time, the sufficiently nar-
row transmission linewidth ∆ν allows for the selection
of at most single radiative transition in the 87Rb D1-line
manifold. The relatively small transmission bandwidth
of the employed optical resonator is also crucial for the
unambiguous direct detection of the ideal thermal state,
as it narrows the emitted Doppler-broadened emission
spectra to bandwidths within the limit imposed by finite
detection jitters on the order of hundreds of ps of conven-
tional single-photon avalanche detectors operating in the
visible spectral range [3]. After passing the optical cavity,
the atomic fluorescence is coupled to a single-mode fiber
which guarantees the spatial purity of the detected field
mode. The fluorescence is analyzed in a spatially mul-
tiplexed array of three single photon avalanche photodi-
odes (APDs, Excelitas Technologies, SPCM CD3432H),
where the effective individual detection efficiencies have
been adjusted to close to equal values using a simple
polarization-manipulation scheme comprising the polar-
ization rotation by half-wave plates (HWP) and spatial
separation on polarization beam splitters (PBS). The
overall photon detection efficiency of 11 %. It consists
of photon losses on the path from atoms to the output of
the single-mode fiber corresponding to about 51 %, with
the largest contributions from the measured transmis-
sivity of the Fabry-Pe´rot filtering resonator, fiber cou-
pling efficiency, and Glan-Thompson polarizer transmis-
sion corresponding to 66 %, 85 %, and 92 %, respectively.
The losses behind the spatial mode defining single-mode
fiber are mostly given by the coupling efficiencies to fiber-
coupled single-photon detectors, polarization beam split-
ter transmissivity and efficiencies of particular single-
photon detectors. Balancing of the detection setup re-
sults in the detection efficiency of approximately 23 %
per each detection channel.
The presented photon-detection configuration allows
for evaluation of typical statistical characteristics of ther-
mal light manifested in the shape and absolute val-
ues of the normalized second-order correlation function
g(2)(τ) = 〈a†(t)a†(t + τ)a(t + τ)a(t)〉/〈a†a〉2, where a†
and a are the single-mode creation and annihilation op-
erators, respectively. For that purpose we have used
the standard direct measurement approaching g(2)(τ) for
small mean number of photons [36]. At the same time,
this detection scheme enables the estimation of photon
number probability distribution with up to photon num-
bers limited by the overall measurement length, detection
losses and photon generation rate. The detected photon
clicks arrival times are recorded using a time tagging de-
vice with maximum resolution of 81 ps.
B. Observation of ideal bunching
The results of the measurement of second-order cor-
relation function for the laser frequency set on the res-
onance with the 5S1/2(F = 2) ↔ 5P1/2(F ′ = 2) tran-
sition and cavity transmission peak set to the energy
difference between 5S1/2(F = 1) ↔ 5P1/2(F′ = 2) lev-
els are shown in figure 2. The excitation laser beam
power has been set to 36 mW for which we have ob-
tained the resulting average count rate on the three de-
tectors (37 ± 4) × 104 counts/s. The spatial overlap of
excitation and observation modes has been positioned
close to the output optical window of the atomic vapor
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FIG. 2. The measured second-order correlation function
g(2)(τ). The measured data are represented by points, the
solid red line corresponds to the theoretical fit by the simple
theoretical model corresponding to the ideal single-mode ther-
mal light. The size of the displayed data points corresponds
to the single standard deviation error-bars.
cell which guarantees a small absorbtion of the emit-
ted resonant light. The vapor cell is set to a temper-
ature of 61◦C which corresponds to the optical thickness
of 0.78 ± 0.05 for the resonant excitation of 5S1/2(F =
2) ↔ 5P1/2(F′ = 2) transition. The displayed g(2)(τ)
corresponds to the average of the measurement on all
three possible two-detector combinations with the overall
measurement time of 173 minutes and the coincidence-
detection window set to 648 ps. The evaluated peak value
of g2(0) = 2.00 ± 0.01 from the data presented in the
figure 2 suggests the generation of ideal thermal light
field. Since we aim to evaluate the light source, the pre-
sented g2(τ) has been corrected for the residual intrinsic
detector dark counts of (350 ± 20, 180 ± 13, 265 ± 18)
counts/s measured on the employed APD1, APD2 and
APD3, respectively. The raw value of g
(2)(0) without
correction on detector dark counts is 1.98 ± 0.01. We
note, that these results have been achieved without any
particular experimental optimization procedure and the
generated statistics corresponds to a natural output of
the presented scheme in a broad range of spatial align-
ment and excitation frequency settings. The red line in
figure 2 corresponds to a theoretical fit using the nor-
malized second-order correlation function for ideal single-
mode thermal light g(2)(τ) = 1 + |g(1)(τ)|2 [5], where
the first-order correlation function g(1)(τ) is modelled
by assuming the Doppler broadened emission on the
5P1/2(F
′ = 2) → 5S1/2(F = 1) transition followed by
the spectral filtration by the Fabry-Pe´rot resonator with
independently measured transmission bandwidth. The
frequency bandwidth ∆ν = 65 ± 3 MHz (FWHM) of
detected light has been estimated by numerically evalu-
ating the temporal width of the measured g(2)(τ) func-
tion [25], in good agreement with the independently mea-
sured transmission width of the optical filtering cavity
∆νFP = 67± 7 MHz.
P(
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n
FIG. 3. The estimated photon number probability distribu-
tion (black points) with the blue and yellow bars correspond-
ing to the theoretical photon number distributions for ideal
thermal and coherent light fields with the same mean photon
number, respectively, where the visible blue part shows the
difference between these statistics. Error bars correspond to
estimated single standard deviations, which are for the first
three bars (n=0,1,2) smaller than the data point.
C. Measurement of the Bose-Einstein probability
distribution
To unambiguously clarify our conclusions about the de-
tection of the ideal thermal state, we measure the photo-
count statistics from which the photon number probabil-
ity distribution P (n) can be estimated. As the probabil-
ity of the four-coincidence events for the observed ther-
mal light count-rates within the chosen temporal mode
width of 648 ps would be practically negligible even on
the measurement time scales of days, it suffices to employ
a three-detector scheme. The photon number probabil-
ity distribution is estimated from the measured rates of
singles, two-fold and three-fold coincidences using both
the direct inversion [37] and the maximum-likelihood es-
timation [38]. The distributions resulting from the two
methods differ only negligibly and within the largest er-
ror bar at P (3) which has negligible effect on evaluated
metrics, and we thus use and display only the distribution
based on maximum likelihood algorithm, see figure 3.
The estimated P (n) corresponds to the ideal single-
mode thermal light within statistical measurement er-
rors, which certifies the unambiguous preparation of the
ideal thermal light statistics. To illustrate the signifi-
cance of the estimation of higher photon numbers in the
presence of large attenuation, we show also the statis-
tics of the ideal coherent state with the same mean
photon number 〈n〉 = (1.64 ± 0.01) × 10−4 for com-
parison. The evaluated g(2)(0) = 2.00 ± 0.01 from
full measured photon statistics corresponds to Mandel-
Q parameter Q = (1.64 ± 0.01) × 10−4, which is in
good agreement with the theoretically expected value
Qtherm = 1.64 × 10−4 for the ideal thermal state with
given mean photon number. To characterize the quality
of observed Bose-Einstein statistics, we employ the fun-
damental definition of the thermal light: it is light with
5maximum Shannon entropy H = −∑n p(n) log p(n) for
the given mean number of photons. For the presented
data H = (181175 ± 4) × 10−8 in agreement with the
theoretically expected Htheory = 181175 × 10−8. The
actual distance between the ideal Bose-Einstein distribu-
tion and the measured one can be quantified by eval-
uation of the relative entropy H(P (n)|Pref(n)), where
Pref(n) corresponds to the reference probability distribu-
tion [39]. Advantageously, this distance is operational, it
has a thermodynamical interpretation in terms of work
necessary to be done to reach the ideal thermal state from
the measured one [40]. The evaluated relative Shannon
entropies for the measured statistics with respect to ideal
thermal and coherent state with the same mean photon
numbers are H(P (n)|Ptherm(n)) = (2 ± 2) × 10−14 and
H(P (n)|Pcoh(n)) = (516±1)×10−11, respectively. They
further certify the relative thermodynamical closeness of
the generated state to the ideal thermal state compared
to a coherent state with the same energy. The uncer-
tainties of the evaluated entropies have been estimated
using the Monte Carlo routine from the uncertainties of
the measured numbers of photon clicks. These results
qualify the realized single-mode thermal light source for
experiments in quantum thermodynamics [18], where the
ideal thermal light statistics is required to reliably em-
ulate thermal equilibrium quantum states corresponding
to basic energy resources for thermodynamical tests at
single photon level [41].
III. THERMAL LIGHT WITH TUNABLE
BANDWIDTH
The generation of thermal light using atomic vapors
with high mean velocity thermal motional distribution
corresponding to large Doppler broadening can naturally
benefit from it and can be directly extended to frequency
bandwidths on the order of several hundreds of MHz.
The large spectral bandwidth can enhance the efficiency
of interaction of the generated thermal light with tar-
get atomic ensembles and allow higher repetition rates
of its potential applications. We experimentally charac-
terize such extension by measurement of the statistics
of light emitted from warm Rb vapor by tuning several
crucial parameters which directly influence the spectral
and temporal width of the observed fluorescence. To al-
low the observation of narrow temporal wave packets, we
replace the optical frequency filter in our setup by the
Fabry-Pe´rot cavity with the free spectral range of about
FSR = 30 GHz and measured transmission linewidth of
∆νFP = 818±3 MHz (FWHM). The chosen ∆νFP is suf-
ficiently narrow so that the contribution of emission from
the F = 1 state of the 5P1/2 manifold to the detected light
is negligible and, at the same time, it allows for captur-
ing of almost whole spectral width of Doppler-broadened
emission for the considered Doppler broadening of about
σD = 260 MHz. On the other hand, the large bandwidth
of emitted photons will technically compromise the di-
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FIG. 4. The measured g(2)(τ) with the broadband optical fil-
tering fitted by the coherent superposition of Gaussian func-
tions corresponding to single and multi-photon scattering (red
solid line), see text for details. The blue dashed curve corre-
sponds to the g(2)(τ) obtained by the correction of the mea-
sured function on exactly measured timing uncertainties of
employed single-photon detectors. The estimated error bars
correspond to the size of displayed data points.
rect observability of ideal thermal correlations due to the
finite timing resolution of single-photon detectors. How-
ever, the precise knowledge of the exact time response of
particular employed detectors allows recovering the true
g(2)(0) values with high confidence.
Figure 4 shows a typical measured second-order corre-
lation function g(2)(τ) with the broadband Fabry-Pe´rot
optical filter. The excitation laser power has been set
to P = 39 mW and the atomic cell temperature is corre-
sponding to effective optical depth OD = 1.19±0.08. The
observed temporal shape corresponds to two scattering
processes, single-atom scattering and multi-atom scatter-
ing of detected photons, which give rise to two charac-
teristic extents of reconstructed spectral widths [25, 42].
The presented data have been fitted using a simple the-
oretical model comprising two Gaussian spectra and the
optical cavity filter with Lorentzian profile resulting in
the estimated ratio of single to multi-photon scattering
of 0.15. Importantly, the maximal value of g(2)(0) =
1.71 ± 0.03 still corresponds to the ideal thermal state
if we consider the timing jitter of employed detectors,
whose effect can be unambiguously accounted for using
the deconvolution of the measured g(2)(τ) with their ex-
act response function. The timing jitters have been pre-
cisely characterized in an independent measurement us-
ing fast mode-locked pulsed laser with pulse lengths of
about 200 fs attenuated to single photon level and pre-
cise recording of the photon detection time. The eval-
uated timing uncertainties of σ1 = 358 ps, σ2 = 551 ps,
σ3 = 365 ps for APD1 to APD3, respectively, result in the
estimated g(2)(0) = 2.00± 0.04, a clear signature of pre-
serving the photon statistics of ideal thermal light. The
frequency bandwidth of the detected light field has been
estimated from the observed time spread in g(2)(τ), which
gives the temporal standard deviation στ = 13±2 ns cor-
6responding to the frequency width σν = 110 ± 20 MHz.
The στ and σν were evaluated following the calculation
presented in Dussaux et al. [25]. The detailed experi-
mental studies of the dependence of generated thermal
light bandwidth and detected photon rate on parame-
ters which determine the interaction of light with atomic
vapor can be found in appendix.
IV. CONCLUSION AND OUTLOOK
We have demonstrated the generation of ideal ther-
mal light field from a warm atomic vapor by measure-
ment of corresponding photon-number statistical prop-
erties. The presented results substantially enhance the
observable spectral bandwidths of light fields with the
ideal photon bunching and, at the same time, the em-
ployed evaluation methods for the first time unambigu-
ously prove the thermal light photon statistics. The ob-
served g(2)(0) = 2.00 ± 0.01 together with the recon-
structed ideal Bose-Einstein statistical distribution with-
out any correction on the finite detector time response
from a natural light source represent the achievement of
a steadily pursued goal since pioneering experiments on
detecting the statistical correlations of light from low-
pressure glow discharge lamps [43, 44]. We conclusively
confirmed that Shannon entropy of the measured prob-
ability distribution corresponds exactly to theoretically
predicted one for the measured mean number of photons.
Besides its strong fundamental interest, we have shown
that the thermal light generated from warm atomic vapor
can benefit from the large Doppler-broadened spectral
width of emitted photons, which is directly proportional
to the atomic temperature. In addition, the bandwidth
scalability to σν = 270 MHz goes in hand with the ex-
treme technological simplicity of the scheme based on
the bare single-pass Raman excitation of a warm atomic
vapor which can be easily adapted for vast majority of
atomic species used commonly in quantum optics exper-
iments.
Together with the detected photon rates of 3.4 ×
105 counts/s, these results promise enhancement of a
large number of applications in classical and quantum op-
tics [8–16]. The presented source possesses several impor-
tant advantages compared to conventional thermal light
sources based on amplified spontaneous emission [12, 29–
31] or parametric down conversion [10, 26, 28]. While
sharing their technical simplicity, it allows for direct de-
tection of ideal bunching with conventional visible-range
single-photon detectors, a crucial property for its feasible
benchmarking. At the same time, its spectral properties
allow for a direct utilization in interactions with target
atomic ensembles, in which prospective tunable nonlin-
earities and efficient and large bandwidth light storage
have been demonstrated [27, 46–50]. We foresee employ-
ment of the developed source for studies of optical nonlin-
earities in quantum regime and of effects of photon statis-
tics on the efficiency of the nonlinear processes [13, 46].
We aim for the utilization of the presented thermal light
for investigation of noise properties of single-photon level
optical memories based on warm atomic ensembles [47].
The degree of detected photon bunching and fidelity of
the retrieved photon number distribution with the ideal
Bose-Einstein statistics will allow to reveal the amount
and statistical structure of memory-added noise, as the
ideal photon bunching observability critically depends on
the light modeness [10]. The generated thermal states
can be also readily employed for the production of single-
photon-added thermal states, which were suggested as
a promising resource for testing criteria of nonclassical-
ity [17]. They also have a potential to be useful for recon-
struction of photon-number distributions [9], where pre-
cise generation and measurement of thermal light statis-
tics can play crucial role.
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APPENDIX: TUNABILITY OF THE OBSERVED
SPECTRAL BANDWIDTH
The overall temporal length of the generated thermal
light is substantially broadened by the contribution of the
single-atom or few-atom scattering processes. As demon-
strated in references [25, 45], the contribution of the sin-
gle atom scattering process to the observed g(2)(τ) can
be suppressed by maximization of the effective optical
thickness, which can be achieved by resonant excitation
and high atomic density. We have further examined the
dependence of the overall generated field frequency band-
width and possibility of keeping the observability of the
ideal photon bunching on several crucial parameters de-
termining the interaction of light with atomic vapor and
relative contribution of the single to multi-atom scat-
tering. These include the effective optical thickness of
the atomic sample, excitation laser power, laser detun-
ing from the 5S1/2(F = 2)↔ 5P1/2(F′ = 2) atomic reso-
nance and the spatial position of the observation region
with respect to the output optical window.
The following measurements are realized for optical
thickness of 1.19 ± 0.08 corresponding to maximal eas-
ily achievable temperature 70◦C in our setup and res-
onant excitation on the 5S1/2(F = 2) ↔ 5P1/2(F′ =
2) transition. The observed power dependence of the
g(2)(τ) shown in the figure A1 suggests the convenience
of increasing power for both the absolute observable
spectral bandwidth and the detected photon count rate
with the maximum values of σν = 142 ± 7 MHz and
1.29 × 106 counts/s, respectively, corresponding to the
maximal excitation laser power of 39 mW. We note that
for all probed input laser powers, the observed values of
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FIG. A1. The evaluated g(2)(τ) functions measured for vari-
ous powers of excitation laser beam and position of the excita-
tion and observation spatial modes overlap at approximately
d=0 cm, that is at the output window of the vapor cell. The
two insets show the measured average count rates (right) and
estimated thermal light frequency bandwidths (left). The es-
timated error bars correspond to a single standard deviation
and are, where not directly illustrated, roughly the same size
as plot markers.
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FIG. A2. The measured g(2)(τ) of scattered light for vari-
ous distances d of the rubidium cell output window from the
center of the observation region defined by the intersection
of the excitation and observation beam modes, see text and
figure 1 for more details. The insets show the corresponding
estimated light field spectral width (left) and detected count
rate (right). The statistically estimated error bars correspond
to one standard deviation, where indicated, otherwise they are
below the extent of displayed data points.
g(2)(0) after correction for detector timing jitters lead to
ideal thermal state value with accuracy within estimated
errors one standard deviation.
We have also examined the possibility of further sup-
pression of the single-atom scattering contribution by
changing other measuring the g(2)(τ) as a function of
the spatial distance d defined as a distance between the
cell output optical window and the observation region
given by the intersection of excitation and observation
spatial modes, see Figure 1 for the spatial configura-
tion. We choose d to be positive for the observation
regions inside the atomic cell. The suppression of the
multi-atom scattering contribution for positions of the
excitation-observation region close to the cell output win-
dow is caused by the decreased number of atoms in the
path of the scattered photons propagating towards the
detection setup. The observed dependence presented
in Fig. A2 for 39 mW excitation laser power suggests
that positioning the interaction region to d ≥ 0.7 cm
inside the atomic cell almost fully suppresses the ob-
served single scattering contribution and leads to thermal
light spectral bandwidths of up to σν = 270 ± 20 MHz.
However, the increased length of the atomic medium
strongly suppresses the overall generated photon rate
resulting in 3.4 × 105 counts/s corresponding to 〈n〉 =
(1.6 ± 0.1) × 10−4. The scaling of the detected photon
rate and spectral bandwidth can be seen in insets of the
Fig. A2. The considered detected photon rate here corre-
sponds to the sum of rates from all three detectors. The
observable steep dependence of both the overall detected
count rate and contribution of the single-atom scattering
around d ≈ 0 corresponds well to the spatial position of
the interaction region at the cell window. To the best of
our knowledge, the presented estimated spectral widths
of the thermal light fields are by at least two orders of
magnitude better than any previously reported values
achieved with pseudo thermal light sources [23] and, at
the same time, the measured g(2)(0) values corrected for
the detector timing jitter suggest the generation of the
ideal single-mode thermal light.
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